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ABSTRACT: Genetic heterogeneity presents a significant
challenge for the identification of monogenic disease genes.
Whole-exome sequencing generates a large number of can-
didate disease-causing variants and typical analyses rely on
deleterious variants being observed in the same gene across
several unrelated affected individuals. This is less likely
to occur for genetically heterogeneous diseases, making
more advanced analysis methods necessary. To address
this need, we present HetRank, a flexible gene-ranking
method that incorporates interaction network data. We
first show that different genes underlying the same mono-
genic disease are frequently connected in protein interac-
tion networks. This motivates the central premise of Het-
Rank: those genes carrying potentially pathogenic variants
and whose network neighbors do so in other affected in-
dividuals are strong candidates for follow-up study. By
simulating 1,000 exome sequencing studies (20,000 ex-
omes in total), we model varying degrees of genetic het-
erogeneity and show that HetRank consistently prioritizes
more disease-causing genes than existing analysis meth-
ods. We also demonstrate a proof-of-principle application
of the method to prioritize genes causing Adams-Oliver
syndrome, a genetically heterogeneous rare disease. An
implementation of HetRank in R is available via the Web-
site http://sourceforge.net/p/hetrank/.
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Introduction
It has become standard practice to employwhole-exome sequenc-
ing for the identification of genes causing rare monogenic diseases
[Ng et al., 2009; Rabbani et al., 2012]. An efficient and popular
strategy is “intersection filtering” [Robinson et al., 2011], in which
several unrelated affected individuals are whole-exome sequenced
and their sequence variants filtered and compared. Filtering is nec-
essary to reduce the large number of sequence variants identified
for each affected individual [Li et al., 2012], and is achieved by
discarding variants which fail to meet specific criteria based on an
a priori expectation of the genetic architecture of the disease un-
der study. Typically for rare monogenic diseases, discarded variants
could include those with minor allele frequencies exceeding a spec-
ified threshold, with a predicted mild functional impact, or which
have been observed in an unaffected control dataset [Bamshad et al.,
2011; Robinson et al., 2011; Li et al., 2012]. Subsequently, genes in
which a large proportion of the affected individuals carry a post-
filtering variant are strong candidates for disease causality and can
be validated (or rejected) by othermethods [Hood et al., 2012; Jones
et al., 2012; Lines et al., 2012;Nakazawa et al., 2012; Polvi et al., 2012;
Simpson et al., 2012].
This approach can be applied to both rare inherited and sporadic
disorders, and does not require prior knowledge of the disease pro-
cess or a set of candidate genes. However, while the search is genome
wide, intersection filtering is attractive because the number of genes
in which several unrelated individuals carry post-filtering variants
will generally be small. Conversely, the effectiveness of the approach
can be limited by missing data, non-exonic causal variants, or ge-
netic (locus) heterogeneity [Robinson et al., 2011; Boycott et al.,
2013]. In this work, we focus in particular on genetic heterogene-
ity, that is, mutations occurring in different genes causing the same
phenotypic outcome in different patients—thus, intersection filter-
ing would likely fail to reveal those genes [Oti and Brunner, 2007;
McClellan and King, 2010].
We present here a flexible analysis approach (“HetRank”) that
addresses the problem of genetic heterogeneity in exome sequenc-
ing studies by incorporating information from biological networks
(such as protein interaction networks). Networks are ideally suited
to this purpose because biological function is hypothesized to arise
from systems ofmolecular interactions [Emmert-Streib andGlazko,
2011]. Networks that systematically describe these interactions can
therefore group together functionally related genes beyond existing
curated biological pathways [Lehne and Schlitt, 2012]. Finally, the
protein products of genes causing phenotypically similar diseases
are more likely to physically interact than those from non-disease
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genes [Goh et al., 2007; Feldman et al., 2008]. The use of interaction
data is also intuitively reasonable at a molecular level: each partner
in a molecular interaction is vulnerable to mutation and a disease
phenotype may result from a mutation disrupting the interaction
and thus, the cooperatively achieved function [Barabasi et al., 2011;
Vidal et al., 2011].
We previously presented BioGranat-IG [Dand et al., 2013], a soft-
ware tool that searches biological networks for candidate disease-
causing pathways: small sets of genes whose connectedness in the
network implies a functional relationship, and which when taken
together carry a post-filtering sequence variant for all (or most)
of the patients in an exome-sequencing study. HetRank has several
advantages over BioGranat-IG. By incorporating network informa-
tion into a gene-ranking framework, HetRank retains the ability to
prioritize genes that are not included in the chosen input network.
It also deals explicitly with the problem caused by highly connected
(hub) genes in the network, which in practice can occur frequently
in BioGranat-IG results because of their connectivity rather than
true disease involvement. The flexible ranking framework allows
incorporation of diverse sources of information for variant prioriti-
zation, and limits the risk of excluding true disease-causing variants
due to hard filtering thresholds. Finally, HetRank can incorporate
healthy control exomes to address the overrepresentation of long
and variant-tolerating genes among prioritized variants, a common
problem in exome sequencing studies [Fuentes Fajardo et al., 2012;
Petrovski et al., 2013].
There exist several variant prioritization tools appropriate for the
study of rare monogenic diseases that integrate various sources of
evidence for causality [Li et al., 2012; Sifrim et al., 2012; Carter et al.,
2013; Frousios et al., 2013; Sifrim et al., 2013; Robinson et al., 2014].
However, where interaction data are used, it is generally either to
prioritize genes based on their proximity to known disease genes in
the interaction network, or to allow the user to explore genes which
interact with those prioritized. To our knowledge, HetRank is the
first approach to incorporate interaction network information di-
rectly into the gene-ranking procedure in a hypothesis-free manner
as a means of addressing genetic heterogeneity.
We test our new approach using a set of test data comprising
20,000 simulated exomes derived from real exomes and show here
that network information helps to rank disease-causing genes highly
even under conditions of high genetic heterogeneity. Further, we
have appliedHetRank to theprioritizationof knowndisease-causing
genes in Adams-Oliver syndrome (AOS; MIM# 100300), a rare de-
velopmental disorder that can be caused by variants in several dif-
ferent genes [Stittrich et al., 2014].
Materials and Methods
All data analysis is performed in the R programming language
[R Development Core Team, 2013], using the igraph [Csardi and
Nepusz, 2006] library for network analysis. We make available on-
line an implementation of HetRank in R (http://sourceforge.net/
p/hetrank).
Protein Interaction Networks and Disease Subnetworks
To justify the use of interaction networks to address genetic het-
erogeneity, we investigated the extent to which genes causing the
same disease interact in a protein interaction network. Protein–
protein interaction data were obtained from the Protein Inter-
action Network Analysis platform, a meta-database derived from
six manually curated interaction databases [Cowley et al., 2012]
(downloaded 20th December 2012) and used to construct undi-
rected and unweighted networks of binary interactions. PINA is
the network containing all interactions (14,434 genes, 105,801 in-
teractions) and PINAmin2 is a high-confidence subnetwork con-
sisting of only those interactions that have two or more differ-
ent publication identifiers in the database (7,417 genes, 18,092
interactions).
Disease-gene mappings were obtained from OMIM’s Morbid
Map (downloaded 20th March 2013). Unconfirmed mappings and
mappings that either involve non-disease phenotypes or where the
gene is not directly causal (such as genes which contribute to sus-
ceptibility to a multifactorial disorder or infection) were excluded,
leaving 4,956 mappings. OMIM disease terms were replaced with
generalized disease terms by removing disease “type” or “group”
names, and any words consisting entirely of numbers. This resulted
in a set of 3,193 generalized disease terms, 541 of which displayed
genetic heterogeneity by mapping to more than one causal gene. In
each protein interaction network, disease subnetworks were found
by considering one generalized disease termat a time and identifying
direct interactions between causal genes.
To estimate the likelihood that disease subnetworks could arise
by chance due to the number of disease genes mapping into each
network, the same procedure was also performed for 10,000 ran-
domly permuted networks. In order to counter the potential bias in
curated interaction networks toward well-studied disease-causing
genes, we performed degree-constrained permutation tests for each
network to test the null hypothesis (H0) that the number of ob-
served disease subnetworks is a consequence of the number and
degree distribution of disease-causing genes in the network, against
the null hypothesis (H1) that we observe more disease subnetworks
than could result fromnumber and degree distribution alone (Supp.
Methods).
HetRank Gene Prioritization Approach
We subsequently developed a method to prioritize genes for
follow-up analysis in exome sequencing studies of monogenic dis-
ease, using an interaction network to overcome genetic heterogene-
ity (Fig. 1). Briefly, sequence variants identified in the exomes of a
number of unrelated affected individuals are independently scored
(according to evidence supporting each variant’s disease involve-
ment), and a final prioritization of genes is produced by combining
scores across all exomes in the study. The final gene ranking takes
into account variants found in neighboring genes in the interac-
tion network, allowing genes which do not initially score highly in
a given individual to have their score improved based on evidence
for disease involvement from a neighboring gene; this preferentially
improves the final ranking of disease genes because the sharing of
evidence between any pair of interaction partners is more likely to
occur consistently across unrelated individuals as a result of true
genetic heterogeneity than due to chance. The four key phases are
as follows.
Phase 1: for each of N affected individuals in the study, generate
gene scores according to evidence for disease involvement. Scores
are derived from variant annotations thought to be informative re-
garding the likelihood of a variant causing the disease being studied.
Intersection filtering would remove variants from further consider-
ation by applying hard thresholds to these annotations; here they
are used as ranking criteria. Such criteria typically include the al-
ternative allele frequency (effectively set to zero for novel sequence
variants) and variant effect (e.g., synonymous,missense, nonsense).
As ranking criteria are specified by the user, functional prediction
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Figure 1. The HetRank analysis framework. Phase 1: Variants are ranked in each affected individual’s exome sequence according to a set
of user-specified criteria and converted into gene scores. Phase 2: Gene scores are adjusted with respect to the scores achieved in a set of
healthy control exomes, allowingmore accurate prioritization of long and variant-tolerating genes. Phase 3: An interaction network is used to share
score information between neighboring genes. Neighboring genes that score highly in different affected individuals improve the evidence for one
another’s involvement in the disease process. Phase 4: Scores are combined across all exomes in the study to give a final prioritized list of genes.
scores or quantification of disease-specific knowledge may also be
included. With respect to each annotation in turn, all variants in
an exome are ranked, with average rank being used to resolve ties.
User-supplied reference tables allow ranking of ordered categor-
ical criteria. This rank is transformed into a score by taking its
reciprocal and scaling: the reciprocal rank is a decaying function
which prevents overweighting of variants with little evidence for
disease involvement; the scaling ensures that when there are multi-
ple joint top-ranked variants, all are assigned the maximum score
of 1. To incorporate user expectations of plausible disease-causing
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variants, a “filter-equivalent” value for the annotation can be sup-
plied (the same value that would be used as a threshold for inter-
section filtering), and the scores are scaled so that variants ranking
better than this value score 0.5 (Supp. Fig. S1). A variant’s final
score is calculated by summing the scores it achieves across all m
ranking criteria. Finally, gene scores are calculated based on the
mode of inheritance assumed. In autosomal dominant (AD) mode
HetRank assumes one heterozygous variant is sufficient to cause the
disease, and gene scores equate to the maximum score of any het-
erozygous variant they contain. In autosomal recessive (AR) mode,
gene scores are either the highest score of a homozygous variant
or half the sum of the top two heterozygous variants, whichever is
greater (this accounts for the possibility of compound heterozygous
disease-causing mutations). In neutral mode, gene scores are set to
themaximum score of any variant they contain, regardless of zygos-
ity. At the end of phase 1, each gene has received a score for each of
the N exomes, the highest score achievable being m, and the lowest
being 0 (where no variant is found, corresponding to no evidence
for disease involvement).
Phase 2: use a set of unaffected control exomes to penalize long
and variant-tolerating genes that might otherwise receive an arti-
ficially high ranking. To facilitate this, the gene-scoring procedure
described in phase 1 is repeated for each control exome. For affected
individual i, suppose that gene g has a score of Sg after phase 1.
Now this score is adjusted to S
′
g = Sg/ (1 + K ), where K is the num-
ber of control exomes in which gene g has a score ≥Sg . Thus, the
adjustment reflects how frequently variants observed in gene g in
unaffected controls show evidence for disease causality that is at
least as great as that observed in the affected individual (based on
the ranking criteria used). This construction means that gene g’s
score for exome i remains unchanged if it is not matched or sur-
passed in any control exome, and that higher numbers of control ex-
omes should allow greater potential to eliminate frequentlymutated
genes.
Phase 3: further adjust gene scores with respect to network in-
teractions for each of the N individuals. The key assumption of our
approach is that in the context of genetic heterogeneity, evidence for
the pathogenicity of a gene as part of a functional pathway encoded
by network interactions can arise from a plausible sequence variant
in the gene itself, or in a gene with which it interacts. This motivates
the network adjustment, in which a gene’s score can be superseded
by the higher score of a neighboring gene, provided the better score
is unlikely to have been observed by chance (e.g., because the gene
has many neighbors in the network). For a gene g, the network
d-neighborhood, Nd(g ), is the set of genes which can be reached
from g via d interactions or fewer (that is, whose distance from g in
the network isd; this always includes g itself). Suppose that gene h
has the highest score (S
′
h) of all genes in Nd(g ) after phase 2. By con-
sidering thedistributionof scores amongall genes in thenetwork,we
can establish the probability p that a set of |Nd(g )| randomly chosen
genes in the network includes a gene with score ≥S ′h . If p < 0.1, we
consider that gene g is unlikely to have a neighbor score as highly as
gene h by chance, and propose the adjusted score S(d)g = S
′
h/ (1 + d).
Note that the score is penalized via the denominator to reflect the
indirect nature of the evidence provided by h to support g being
disease causing. Conversely if p  0.1, we propose no adjustment
to the score, so that S(d)g = 0. As disease subnetworks are generally
expected to be small and for reasons of computational feasibility we
consider d-neighborhoods up to d = 2 and set the network-adjusted
score for gene g to be S
′′
g = max
(
S
′
g , S
(1)
g , S
(2)
g
)
. For each affected
individual, gene scores still range between 0 and m at the end of
phase 3.
Phase 4: sum network-adjusted gene scores across the N individ-
uals in the study. Each gene therefore has a final score between 0
andm×N. Genes can be prioritized for follow-up study by ranking
according to these final scores.
Simulation of Exome Sequencing Studies
To measure the performance of our approach, we simulated
1,000 exome sequencing studies for rare monogenic disease (Supp.
Fig. S2). Each study was “spiked” with disease-causing variants cho-
sen to model genetic heterogeneity, and we tested HetRank’s ability
to recover the spiked genes.
Chromosome-wise random selection (without replacement) of
sequence data from 388 exomes obtained through the rare disease
programme at King’s College London (KCL) was used to generate
200 test exomes. These were partitioned into 10 sets of 20 exomes so
that when each set was used to simulate an exome sequencing study
the other 180 exomes were available to represent healthy controls.
This process was repeated 100 times to generate 1,000 simulated ex-
ome sequencing studies (20,000 random exomes in total). The KCL
exomes were ascertained from unrelated individuals and include
some small groups of patients sharing a rare disease phenotype,
although the randomization used should be sufficient to overcome
any disease-specific bias in the test data set. Exome variants were
annotated using ANNOVAR [Wang et al., 2010] to give the follow-
ing variant-ranking criteria: variant effect (e.g., “nonsynonymous
SNV”, “stopgain SNV”), Exome Variant Server (EVS) alternative
allele frequency, 1000 Genomes Project alternative allele frequency
(Supp. Fig. S3).
To simulate exome sequencing studies, a disease-causing muta-
tion was added to each of the 20 exomes in a set. These were ran-
domly selected from 13,413 pathogenic variants in dbSNP [Sherry
et al., 2001] (build 138, downloaded 19th July 2013) that corre-
sponded tomonogenic diseases inOMIM’sMorbidMap [Amberger
et al., 2009] and were annotated using the same pipeline as the KCL
exome data. As dbSNP variants did not include zygosity this was as-
signed according to the mode of inheritance being simulated. Thus,
when testing an AR disease model, with probability 0.9 case exomes
were equally likely to be spiked with one homozygous variant or two
heterozygous variants (corresponding to a compound heterozygous
disease-causing mutation); with probability 0.1 they would be as-
signed one heterozygous variant. Under an AD disease model the
probabilities are switched so that a single heterozygous variant is
added with probability 0.9. The small “error” probability of 0.1 is
a modest allowance accounting for real-world uncertainties such
as zygosity-calling errors during sequencing or incorrectly inferred
modes of inheritance in sequenced affected individuals.
Gene names for the disease-causing variants were replaced in or-
der tomodel genetic heterogeneity. For this purpose, OMIMdisease
subnetworks were randomly selected from those identified in PINA
and PINAmin2 (Supp. Table S1). PINA contains 305 unique disease
subnetworks of two genes (including gene pairs drawn from larger
disease subnetworks), 248 of three genes and 280 of four genes;
PINAmin2 contains 150 of two genes, 108 of three genes and 111 of
four genes. The spiked disease-causing variants were assigned gene
names from the disease subnetwork with probability 1-u (captured
heterogeneity) or a gene name selected uniformly at random from
the whole exome with probability u (uncaptured heterogeneity).
Uncaptured heterogeneity was modeled to account for any propor-
tion of disease cases explained by reasons other than a mutation
in the disease subnetwork. To simulate balanced captured hetero-
geneity gene names from the disease subnetwork were randomly
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selected with equal probability. To simulate unbalanced captured
heterogeneity gene names from the disease subnetwork were used
with probabilities p1 = 3(1 – u)/4, p2 = (1 – u)/4 for two-gene disease
subnetworks; p1 = (1 – u)/2, p2 = p3 = (1 – u)/4 for three-gene disease
subnetworks, and p1 = (1 – u)/2, p2 = p3 = p4 = (1 – u)/6 for four-gene
disease subnetworks.
HetRank Parameters for Testing
All testing of the simulated exome sequencing studies was per-
formed using PINAmin2 as the input network for HetRank. The
three ranking criteria used were EVS and 1000 Genomes alternative
allele frequencies, and variant effect (truncating or splicing vari-
ants > protein-altering variants > synonymous variants). The filter-
equivalent threshold values usedwere 0.1% for the allele frequencies
and protein-altering for variant effect.
Ranking Based on Intersection Filtering
HetRank results were compared against those achieved by in-
tersection filtering, obtained as follows. For each simulated exome
sequencing study, gene lists for intersection filtering were generated
for each individual by excluding synonymous variants and vari-
ants with EVS or 1000 Genomes alternative allele frequency >0.1%.
Analogous toHetRank’s AD, AR and neutral modes, gene lists could
be further filtered by zygosity (by excluding homozygous variants
in AD mode; by requiring genes to contain one homozygous or
two heterozygous variants after filtering in AR mode). An addi-
tional gene-wise filtering step was performed by excluding genes
which contain post-filtering sequence variants for five or more of
180 healthy control exomes. These filtering steps were determined
to give the best performance for the intersection filtering method
through testing on simulated data (Supp. Methods and Supp.
Table S2).
To obtain a ranking for potential disease involvement based on
intersection filtering, genes were ranked according to the number
of filtered gene lists in which they appear, with average rank being
used to resolve ties.Genes that are excludedor carry nopost-filtering
variants in a study were assigned a default rank of 10,000.
BioGranat-IG Comparison
To test whether our new approach improves upon BioGranat-IG
[Dand et al., 2013], BioGranat-IG was run using the same gene
lists as derived for intersection filtering, described above. The best-
performing BioGranat-IG settings were determined through test-
ing on simulated data (Supp. Methods and Supp. Table S3). Thus,
BioGranat-IG triplet search was run using default settings (results
flexibility parameters set to zero) and with a hub-free version of
PINAmin2 as the input network (obtained by excluding genes with
50 or more interaction partners).
Application to AOS Exomes
To test the ability of HetRank to prioritize the AOS-causing genes
NOTCH1 and DLL4, whole-exome sequencing data was used from
13 probands affected with an AD form of AOS. Sequencing was
performed at KCL and has been described previously [Meester et al.,
2015; Southgate et al., 2015]. Within this cohort, two cases harbor
truncating NOTCH1 mutations (1-II-1 and 2-II-1) and one has a
missense DLL4 variant (case 6-II-1), respectively. For unaffected
Table 1. OMIM Disease Subnetworks
Number of disease subnetworks
PINA network PINAmin2 network
Size of disease Permutation Permutation
subnetwork Observed average Observed average
2 124 12.54 ± 3.35 61 3.46 ± 1.93
3 27 1.65 ± 1.25 11 0.44 ± 0.73
4 11 0.40 ± 0.60 7 0.06 ± 0.25
5+ 10 0.28 ± 0.49 5 0.07 ± 0.26
Total 172 14.87 ± 3.46 84 4.03 ± 2.13
Observed = number of disease subnetworks of given size induced by a single disease
term in the original network; Permutation average = average number of disease subnet-
works of given size induced by a single disease term across 10,000 randomly permuted
networks (mean ± standard deviation).
control exomes, we used 346 of the 388 KCL exomes, which do
not have an AOS phenotype. HetRank was run in AD mode with
parameters as previously described.
Results
Interacting Genes Cause the Same Monogenic Diseases
We found 172 connected subnetworks in the PINA network, and
84 in the PINAmin2 network, each of which is causal for a single dis-
ease (Table 1; Supp. Table S1). Using a degree-constrained method
of permutation to test the null (H0) versus alternative hypothesis
(H1) of whether the number and degree distribution of disease-
causing genes account for the number of disease subnetworks, in
each case the observed number of disease subnetworks is highly sig-
nificant (P < 10–4; Supp. Fig. S4), leading us to reject the null (H0)
and supporting previous assertions that interacting genes are more
likely to have similar phenotypic consequences [Goh et al., 2007;
Feldman et al., 2008]. This makes a compelling case for the use of
interaction networks as a means to identify new sources of genetic
heterogeneity, particularly given that high-throughput methods are
continually improving network coverage [Yu et al., 2011].
Network Information Can Improve Ranking of Disease
Genes
For each mode of operation (AD, AR, or neutral), HetRank was
testedusing1,000 simulated exome sequencing studies.Tomodel ge-
netic heterogeneity, each study was “spiked” with a disease-causing
variant in a gene from an OMIM disease-specific subnetwork of
fixed size (selected at random from those identified in Table 1). For
a disease subnetwork of three genes, g1, g2, and g3, each exome in the
study would be assigned gene gi with probability pi, or a uniformly
selected gene from outside the disease subnetwork with probability
u that represents uncaptured heterogeneity (such that p1 + p2 + p3 +
u = 1). For each study of 20 exomes there are 180 exomes available
to act as healthy controls, with which no sequence data is shared.
Tables 2a and 2b show the results of testing our approach us-
ing disease subnetworks of three genes with u = 0.5 and balanced
captured heterogeneity (p1 = p2 = p3). HetRank’s AD and neutral
modes were tested with data that simulated an AD mode of in-
heritance, whereas AR mode was tested with data simulating an
AR mode of inheritance. All testing was performed using the high-
confidence PINAmin2 interactionnetwork to informgene rankings.
Wemeasure the performance of our approach by its ability to assign
high ranks to the three disease subnetwork genes. This is compared
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Table 2. Ability to Recover Disease Subnetworks Comprising Three Genes
Intersection filtering HetRank
Gene 1 Gene 2 Gene 3 Gene 1 Gene 2 Gene 3
(a) Number of 1000 simulations achieving given ranking using high-coverage disease subnetworks
Autosomal dominant mode
Ranked #1 293 402
Ranked #1–2 |- - - - - - 42 - - - - - -| |- - - - - - 201 - - - - - -|
Ranked #1–3 |- - - - - - - - - - - - - 3 - - - - - - - - - - - - -| |- - - - - - - - - - - - 79 - - - - - - - - - - - -|
Ranked10 590 156 16 649 447 214
Ranked100 787 345 58 838 711 506
Median rank 3 189 10,000 3 16 95.5
Autosomal recessive mode
Ranked #1 500 901
Ranked #1–2 |- - - - - - 124 - - - - - -| |- - - - - - 769 - - - - - -|
Ranked #1–3 |- - - - - - - - - - - - - 10 - - - - - - - - - - - - -| |- - - - - - - - - - - - - 398 - - - - - - - - - - - - -|
Ranked10 905 504 82 964 911 733
Ranked100 985 830 317 993 976 925
Median rank 1.25 8 243 1 2 4
Neutral mode
Ranked #1 342 425
Ranked #1–2 |- - - - - - 54 - - - - - -| |- - - - - - 229 - - - - - -|
Ranked #1–3 |- - - - - - - - - - - - - 5 - - - - - - - - - - - - -| |- - - - - - - - - - - - - 83 - - - - - - - - - - - - -|
Ranked10 618 168 20 664 468 236
Ranked100 804 361 73 845 725 523
Median rank 2.5 188.5 10,000 2 13 88
(b) Number of 1000 simulations achieving given ranking using low-coverage disease subnetworks
Autosomal dominant mode
Ranked #1 299 368
Ranked #1–2 |- - - - - - 31 - - - - - -| |- - - - - - 124 - - - - - -|
Ranked #1–3 |- - - - - - - - - - - - - 1 - - - - - - - - - - - - -| |- - - - - - - - - - - - - 36 - - - - - - - - - - - - -|
Ranked10 601 150 5 595 312 115
Ranked100 772 348 52 803 573 293
Median rank 3.5 195 10,000 4 56 456
Autosomal recessive mode
Ranked #1 496 852
Ranked #1–2 |- - - - - - 138 - - - - - -| |- - - - - - 567 - - - - - -|
Ranked #1–3 |- - - - - - - - - - - - - 11 - - - - - - - - - - - - -| |- - - - - - - - - - - - - 209 - - - - - - - - - - - - -|
Ranked10 896 492 78 945 791 473
Ranked100 987 817 333 989 931 700
Median rank 1.5 16 237 1 2 14
Neutral mode
Ranked #1 329 377
Ranked #1–2 |- - - - - - 37 - - - - - -| |- - - - - - 139 - - - - - -|
Ranked #1–3 |- - - - - - - - - - - - - 1 - - - - - - - - - - - - -| |- - - - - - - - - - - - - 40 - - - - - - - - - - - - -|
Ranked10 632 173 11 620 343 128
Ranked100 779 366 64 822 597 312
Median rank 3 188.75 10,000 3 43.5 424.5
For all tests: uncaptured heterogeneity u = 0.5; captured heterogeneity split equally between the three genes (p1 = p2 = p3).
Intersection filtering = results obtained using ranking based on intersection filtering; HetRank = results obtained using HetRank
approachwith interaction data fromPINAmin2 network;Gene 1 = highest-ranked of three disease genes in results; Gene 2 = second-
highest ranked; Gene 3 = lowest ranked. (a) Results using high-coverage disease subnetworks (identified in PINAmin2 network).
(b) Results using low-coverage disease subnetworks (identified in PINA network).
against the performance achieved using a simple intersection filter-
ing approach, using appropriate variant- and gene-filtering criteria
and in each study ranking genes according to the number of indi-
viduals in which they carry a post-filtering variant.
When disease-causing variants were assigned to OMIM disease
subnetworks identified in PINAmin2, corresponding to high net-
work coverage, our approach after network information was incor-
porated showed a consistent improvement in allmodes compared to
the ranking achieved using simple intersection filtering (Table 2a).
We observed increases in the number of tests in which disease genes
achieve high rankings (including all three genes being ranked in the
top three places), as well as improved median ranks. In subsequent
tests, we considered ranking in the top 10 genes as a successful test
as we believe 10 prioritized genes to be a reasonable number for a
researcher to study further in practice. The number of tests in which
all three disease genes were ranked in the top 10 increased from 16 to
214 when our network-informed approach was used in AD mode,
from 82 to 733 in AR mode, and from 20 to 236 in neutral mode.
Of note, bothHetRank and intersection filtering are slightlymore
effective in neutral mode than AD mode, despite being tested on
the same simulated data designed to model an AD rare disease. This
is most likely due to the fact that there is a small probability of
homozygous variants being spiked into the simulated data (which
are recognizedbyHetRankand intersectionfiltering inneutralmode
but not ADmode). Nonetheless, the performance benefits of recog-
nizing these spiked variants outweigh the costs of also recognizing
additional homozygous background variation.
Table 2b shows the results obtainedwhendisease-causing variants
were assigned to OMIM disease subnetworks with lower network
coverage, this time identified in PINA (in this case, interactions used
tomodel genetic heterogeneitymaynot be coveredby thePINAmin2
network we use for ranking). Although the performance is slightly
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reduced, our approach still broadly improved the number of tests in
which disease genes are ranked in the top positions compared with
intersection filtering. In AD and neutral modes, the number of tests
in which any disease gene ranks in the top 10 fell slightly, from 601
to 595 (AD) and from 632 to 620 (neutral). However, the number
in which all three disease genes rank in the top 10 still showed
substantial improvement, from 5 to 115 (AD) and from 11 to 128
(neutral).We therefore conclude that although the power to recover
the top-ranked disease gene may be slightly reduced, our approach
can clearly boost the power to recover multiple genes involved in
the disease process.
Network Information Becomes More Beneficial With
Increased Heterogeneity
Having demonstrated that our new approach can be a valuable
additional analysis tool in exome sequencing studies we examined
its performance in the presence of different levels of genetic het-
erogeneity. In each scenario and for each mode of operation (AD,
AR, or neutral) we simulated 1,000 exome sequencing studies us-
ing randomly selected OMIM disease subnetworks of a fixed size
(two, three, or four genes) to simulate captured heterogeneity, and
a fixed level of uncaptured heterogeneity, u (20%, 40%, 60%, or
80%). Further, the captured heterogeneity could be balanced (each
gene in the disease subnetwork being equally likely to be spiked
into each exome) or unbalanced (one gene in the disease subnet-
work being more likely to be spiked in than the others) giving a
total of 24 scenarios per mode. As before, AD and neutral modes
were tested with data that simulated an AD mode of inheritance,
whereas AR mode was tested with data simulating an AR mode of
inheritance.
All tests were performed using the high-confidence PINAmin2
interaction network to inform gene rankings, using low coverage
disease subnetworks (those identified in the PINA network mean-
ing that some interactions may not be covered by PINAmin2). We
measure the performance of our network-informed HetRank ap-
proach by its improved ability to assign a rank of 10 or less to
disease subnetwork genes relative to a ranking based on simple in-
tersection filtering. Performance is also compared against the results
achieved by HetRank without incorporating network information
(i.e., omitting phase 3 in Fig. 1), and against the results achieved
by BioGranat-IG. As BioGranat-IG will return all optimal subnet-
works detected the user cannot specify the number of genes that will
be returned. Therefore, a spiked gene was considered successfully
prioritized if it was in the list of genes returned by BioGranat-IG
and the total number of genes returned by BioGranat-IG was 10 or
fewer.
Figures 2A and B present the results of these tests for the 24
scenarios in AD mode and AR mode, respectively. No substantial
difference was detected between HetRank tests in AD and neutral
mode; because of their material similarity to the AD mode results,
the neutral mode results are shown in Supp. Figure S5. Indicators
of performance for all scenarios are summarized in Supp. Tables S4
and S5.
In AD mode, network-informed HetRank outperformed inter-
section filtering in all scenarios (Fig. 2A). Most of this improvement
resulted from the addition of network information: when the net-
work stepwas omitted,HetRank performed similarly to intersection
filtering (in some cases being slightly outperformed, notably when
captured heterogeneity is balanced across three- or four-gene sub-
networks). HetRank’s performance also compared favorably against
BioGranat-IG, which struggles particularly at low levels of hetero-
geneity (for example, when captured heterogeneity is modeled by
two genes and uncaptured heterogeneity is 40% or less). In such in-
stances, eachdisease genehas sufficient signal that theothermethods
can perform reasonably well, even in the absence of network infor-
mation. Conversely, BioGranat-IG is unable to prioritize any genes
not present or connected in the PINAmin2 input network (recall
that captured heterogeneity is modeled by genes from PINA). At
higher levels of heterogeneity, BioGranat-IG performs better, in-
deed outperforming HetRank (although not substantially) in a few
scenarios.
HetRank was also relatively robust to whether or not heterogene-
ity is balanced across disease genes compared to the other methods.
Unbalanced heterogeneity leads to more signal for one of the genes
in the disease subnetwork (making it theoretically easier to priori-
tize) at the expense of the others (making these harder to find). In
nine of the 12 scenarios, there was a smaller drop (or larger increase,
which tends to happen at higher levels of heterogeneity) relative to
intersection filtering when comparing the number of disease genes
found inunbalancedversus balanced capturedheterogeneity scenar-
ios.We also noted thatHetRankwas outperformedbyBioGranat-IG
in fewer scenarios when captured heterogeneity is unbalanced than
when it is balanced.
In AR mode, all methods performed better than in AD mode
(Fig. 2B) because of the lower number of plausible AR disease-
causing variants in a typical exome (Supp. Table S2). However, Het-
Rank showed a substantial advantage relative to the other methods,
particularly at higher levels of heterogeneity (captured heterogene-
ity modeled by three or four disease genes). Relative to intersection
filtering, most of the improved performance was again due to the
incorporation of network information; however, HetRank also out-
performed intersection filtering in all scenarios even when network
informationwas not used. Further, network-informedHetRank also
performed better than BioGranat-IG across all scenarios, suggesting
that the variant-ranking framework employed by HetRank can be
particularly effective in the study of rare AR disease.
HetRank Prioritizes Disease Genes in a Real Exome
Sequencing Study
Finally, we tested HetRank’s ability to prioritize the genes respon-
sible for AOS using whole exome sequence data from 13 probands.
It is known in advance that novel heterozygous truncating variants
in NOTCH1 cause AOS in two cases [Southgate et al., 2015] and
a third harbors a novel heterozygous non-synonymous variant in
DLL4 [Meester et al., 2015]. Dll4 is a member of the Delta family
of Notch ligands [Shutter et al., 2000], and indeed the two genes
are directly connected in the PINA network. However, DLL4 is not
present in the PINAmin2 network because of a lack of additional
independent publications supporting interactions.
When PINAmin2 was used as the input network, HetRank as-
signed NOTCH1 a rank of 3, demonstrating its ability to prioritize
the true causal gene in the top three places. However, with just
a single novel missense variant in one case exome (and in one
control), and having no interactions in the network, DLL4 was
harder to prioritize and was ranked 1,047th (Supp. Table S6).
Using PINA as the input network, the rank of NOTCH1 fell to
12. Although it achieved the same final score as when PINAmin2
was used (its relatively high degree of 65 in PINA preventsNOTCH1
benefitting from evidence in neighboring genes), the additional in-
teractions in the PINA network caused other genes to have their
scores boosted ahead of NOTCH1. Conversely, the direct connec-
tion between DLL4 and NOTCH1 in PINA substantially improved
the DLL4 rank to (joint) 187th. The extent of genetic heterogeneity
makes it challenging to prioritize DLL4: a single missense variant
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Figure 2. Performance of our approach at varying levels of genetic heterogeneity. Plots show the average number of spiked disease genes that
could be prioritized (assigned a rank of 10 or less) across 1,000 simulated exome sequencing studies by the four methods tested (HetRank, HetRank
excluding the network-based step, BioGranat-IG and simple intersection filtering). Different genetic heterogeneity scenarios are represented by
the columns (number of genes in disease subnetworks modeling genetic heterogeneity), rows (whether this captured heterogeneity is balanced
or unbalanced across disease subnetwork genes), and plot x-axes (degree of genetic heterogeneity not captured by disease subnetwork genes).
Results are also tabulated in Supp. Table S4. (a) Autosomal dominant mode results. (b) Autosomal recessive mode results.
in one out of 13 case exomes provides a very limited evidence
base. However, we subsequently showed that if just two additional
case exomes carried a similar variant in DLL4 then it would be
prioritized in the top 10 by HetRank (Supp. Results and Supp.
Table S7).
Discussion
Genetic heterogeneity reduces the power of exome-sequencing
studies to identify the molecular basis of a monogenic disease be-
cause it limits the expected overlap of genes carrying deleterious
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mutations in unrelated affected individuals. This heterogeneity
presents a challenging problem but in this study, we have shown
that we can improve the prioritization of disease genes by incorpo-
rating information from an interaction network in a hypothesis-free
manner; that is,without specifying a set of candidate or “seed” genes.
Such an approach is particularly valuable when there is a high
level of heterogeneity. There are currently many known sets of two
to three interacting and disease-causing genes (Table 1), but we ex-
pect to see larger connected sets in future as new disease-causing
genes are identified and as more comprehensive interaction net-
works are developed [Yu et al., 2011]. Gilissen et al. (2011) suggest
that there is a scale of genetic heterogeneity broadly corresponding
to disease prevalence, and our results support the use of HetRank
in sequencing studies at the higher end of this scale. This could
include studies of groups of patients with the same or very similar
clinical phenotypes having unknown and potentially diversemolec-
ular causes. A recent study of AR hereditary spastic paraplegias,
for example, proposed eighteen novel candidate genes where a sin-
gle variant in each was thought to be disease-causing in different
families [Novarino et al., 2014].
Our approach performs well in the presence of heterogeneity
not captured by an interaction network (which we tested using
the parameter u). This might include missing interaction data, dis-
ease variants that are not protein-coding (intronic or intergenic
variants), as well as potential non-genetic disease causes such as
epigenetic or environmental causes. As might be expected, though,
Table 2 shows that better network coverage of interactions between
disease-causing genes improves HetRank results, as we also demon-
strated when we applied HetRank to AOS data. Our approach does
not specifically require a protein interaction network be used and
as such it may be beneficial to seek increased coverage of the inter-
actome by using networks which integrate different types of gene
relationships [Lee et al., 2011; Vidal et al., 2011; Khurana et al.,
2013].
Network information will not improve performance in every ex-
ome sequencing study. Even at higher levels of genetic heterogene-
ity there were examples in our simulated data where more disease
genes are ranked in the top 10 using the simple intersection filtering
method. This demonstrates what we already know: it is important
that a researcher also considers the evidence for a gene’s involvement
in a disease independently of the genes with which it interacts. One
way to do this could be to consider HetRank gene prioritizations
alongside those obtained by intersection filtering when analyzing
exome sequencing results.
On a similar note, users of HetRank should understand the limi-
tations of the tool. At higher levels of genetic heterogeneity, we saw
many simulated studies in which no disease genes could be ranked
in the top 10 and when applied to real AOS exomes HetRank could
prioritize only one of the two causal genes. Furthermore, for any
given monogenic disease, the model underlying HetRank (that ge-
netic heterogeneity can be at least partially explained by interacting
genes) may be inappropriate; the tool itself cannot determine if this
is the case. Even for an exome sequencing study in which disease-
causing genes are ranked in the top 10 by HetRank (our measure
of success in performance tests), those 10 will also include non-
causal genes. A thorough examination of the top-ranked genes is
likely to be required in order to pick out the genes of interest. How-
ever, HetRank is able to provide the user with a starting point; by
studying the high-ranking genes and the variants contained within
those and their interaction partners, and combining this with exist-
ing functional annotation or disease-specific knowledge, hypotheses
can emerge concerning putative disease mechanisms which can be
taken forward for further testing.
An important point to note is that the use of the HetRank frame-
work does not preclude the use of other tools designed for gene
or variant prioritization, but can be considered complementary to
existing approaches. Variant effect prediction tools such as SIFT
[Kumar et al., 2009] and PolyPhen [Adzhubei et al., 2010] can be
incorporated into HetRank by including their prediction scores as
variant-ranking criteria, and nothing prevents the same approach
being taken for existing tools such as eXtasy [Sifrim et al., 2013],
Exomiser [Robinson et al., 2014], or CADD [Kircher et al., 2014],
which themselves integrate diverse sources of evidence for dele-
teriousness or disease involvement. Even if a user relies entirely
on an existing tool to integrate evidence sources, HetRank can
still make a valuable contribution to addressing genetic hetero-
geneity by adjusting this evidence with reference to an interaction
network.
The assumption that proximal genes in an interaction network
can account for similar biological phenomena in different individ-
uals suggests that implicit functional pathways underlie network
structure. HetRank seeks to benefit from such pathways through
the joint analysis of several affected individuals, for each of whom
only one of the pathway genes may be implicated. Similar ap-
proaches have previously been suggested in related fields, such as
gene expression [Ulitsky et al., 2010] and cancer genomics [Vandin
et al., 2011]. Our results demonstrate that with methods adapted
to the particular challenges of whole exome sequence analysis, in-
teraction networks can also be profitably exploited in this way
when the biological phenomenon of interest is a rare monogenic
disease.
In summary, we have presented HetRank, a flexible analysis
methodwhich uses variant-ranking in unrelated exomes to combine
several sources of evidence for involvement in a monogenic disease.
In an interaction network, neighboring genes that score highly in
different affected individuals improve the evidence for one another’s
involvement in the disease process. The final prioritization is ob-
tained by combining adjusted gene scores across all exomes in the
study, and we have demonstrated that this can effectively deal with
a considerable degree of genetic heterogeneity.
Acknowledgments
The authors would like to thankNBarkas, D Ellinghaus, A Franke, I Pedroso,
C Petridis, and R Sutherland for critical discussions.
This work was supported by King’s College London; and a PhD stu-
dentship fundedby theMedicalResearchCouncil andKing’sCollege London
[to N.D.].
Whole-exome sequencing was supported by the National Institute for
Health Research (NIHR) Biomedical Research Centre based at Guy’s and
St Thomas’ NHS Foundation Trust and King’s College London. The views
expressed are those of the author(s) and not necessarily those of the NHS,
the NIHR or the Department of Health.
Disclosure statement: The authors declare no conflict of interest.
References
Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P, Kondrashov
AS, Sunyaev SR. 2010. A method and server for predicting damaging missense
mutations. Nat Methods 7:248–249.
Amberger J, Bocchini CA, Scott AF, Hamosh A. 2009. McKusick’s online Mendelian
inheritance in man (OMIM). Nucleic Acids Res 37:D793–D796.
Bamshad MJ, Ng SB, Bigham AW, Tabor HK, Emond MJ, Nickerson DA, Shendure J.
2011. Exome sequencing as a tool for Mendelian disease gene discovery. Nat Rev
Genet 12:745–755.
HUMANMUTATION, Vol. 36, No. 12, 1135–1144, 2015 1143
Barabasi AL, Gulbahce N, Loscalzo J. 2011. Network medicine: a network-based ap-
proach to human disease. Nat Rev Genet 12:56–68.
Boycott KM, Vanstone MR, Bulman DE, MacKenzie AE. 2013. Rare-disease genetics
in the era of next-generation sequencing: discovery to translation. Nat Rev Genet
14:681–691.
Carter H, Douville C, Stenson PD, Cooper DN, Karchin R. 2013. IdentifyingMendelian
disease genes with the variant effect scoring tool. Bmc Genomics 14 Suppl 3:S3.
Cowley MJ, Pinese M, Kassahn KS, Waddell N, Pearson JV, Grimmond SM, Biankin
AV, Hautaniemi S, Wu J. 2012. PINA v2.0: mining interactome modules. Nucleic
Acids Res 40:D862–D865.
Csardi G, Nepusz T. 2006. The igraph software package for complex network research.
InterJournal, Complex Systems 1695.
Dand N, Sprengel F, Ahlers V, Schlitt T. 2013. BioGranat-IG: a network analysis tool
to suggest mechanisms of genetic heterogeneity from exome-sequencing data.
Bioinformatics 29:733–741.
Emmert-Streib F, Glazko GV. 2011. Network biology: a direct approach to study bio-
logical function. Wiley Interdiscip Rev Syst Biol Med 3:379–391.
Feldman I,RzhetskyA,VitkupD.2008.Networkpropertiesof genesharboring inherited
disease mutations. Proc Natl Acad Sci USA 105:4323–4328.
Frousios K, Iliopoulos CS, Schlitt T, Simpson MA. 2013. Predicting the func-
tional consequences of non-synonymous DNA sequence variants—Evaluation
of bioinformatics tools and development of a consensus strategy. Genomics 102:
223–228.
Fuentes Fajardo KV, Adams D, Mason CE, Sincan M, Tifft C, Toro C, Boerkoel CF,
Gahl W, Markello T. 2012. Detecting false-positive signals in exome sequencing.
HumMutat 33:609–613.
Gilissen C, Hoischen A, Brunner HG, Veltman JA. 2011. Unlocking Mendelian disease
using exome sequencing. Genome Biol 12:228.
Goh KI, Cusick ME, Valle D, Childs B, Vidal M, Barabasi AL. 2007. The human disease
network. Proc Natl Acad Sci USA 104:8685–8690.
Hood RL, Lines MA, Nikkel SM, Schwartzentruber J, Beaulieu C, Nowaczyk MJ,
Allanson J, Kim CA, Wieczorek D, Moilanen JS, Lacombe D, Gillessen-Kaesbach
G, et al. 2012. Mutations in SRCAP, encoding SNF2-related CREBBP activator
protein, cause Floating-Harbor syndrome. Am J Hum Genet 90:308–313.
Jones WD, Dafou D, McEntagart M, Woollard WJ, Elmslie FV, Holder-Espinasse M,
Irving M, Saggar AK, Smithson S, Trembath RC, Deshpande C, Simpson MA.
2012. De novo mutations in MLL cause Wiedemann-Steiner syndrome. Am J
Hum Genet 91:358–364.
Khurana E, Fu Y, Chen J, Gerstein M. 2013. Interpretation of genomic variants using a
unified biological network approach. PLoS Comput Biol 9:e1002886.
Kircher M, Witten DM, Jain P, O’Roak BJ, Cooper GM, Shendure J. 2014. A general
framework for estimating the relative pathogenicity of human genetic variants.
Nat Genet 46:310–315.
Kumar P, Henikoff S, Ng PC. 2009. Predicting the effects of coding non-synonymous
variants on protein function using the SIFT algorithm. Nat Protoc 4:1073–1081.
Lee I, Blom UM, Wang PI, Shim JE, Marcotte EM. 2011. Prioritizing candidate disease
genes by network-based boosting of genome-wide association data. Genome Res
21:1109–1121.
Lehne B, Schlitt T. 2012. Breaking free from the chains of pathway annotation: de
novo pathway discovery for the analysis of disease processes. Pharmacogenomics
13:1967–1978.
Li MX, Gui HS, Kwan JS, Bao SY, Sham PC. 2012. A comprehensive framework for
prioritizing variants in exome sequencing studies of Mendelian diseases. Nucleic
Acids Res 40:e53.
Lines MA, Huang L, Schwartzentruber J, Douglas SL, Lynch DC, Beaulieu C, Guion-
Almeida ML, Zechi-Ceide RM, Gener B, Gillessen-Kaesbach G, Nava C, Baujat
G, et al. 2012. Haploinsufficiency of a spliceosomal GTPase encoded by EFTUD2
causes mandibulofacial dysostosis with microcephaly. Am J Hum Genet 90:369–
377.
McClellan J, KingMC. 2010.Genetic heterogeneity in humandisease. Cell 141:210–217.
Meester JAN, Southgate L, Stittrich AB, Venselaar H, Beekmans SJA, den Hollander N,
Bijlsma EK, Helderman-van den Enden A, Verheij JBGM, Glusman G, Roach JC,
Lehman A, et al. 2015. Heterozygous loss-of-function mutations in DLL4 cause
Adams-Oliver syndrome. Am J Hum Genet 97:475–482.
Nakazawa Y, Sasaki K, Mitsutake N, Matsuse M, Shimada M, Nardo T, Takahashi Y,
Ohyama K, Ito K, Mishima H, Nomura M, Kinoshita A, et al. 2012. Mutations in
UVSSA cause UV-sensitive syndrome and impair RNA polymerase IIo processing
in transcription-coupled nucleotide-excision repair. Nat Genet 44:586–592.
Ng SB, Turner EH, Robertson PD, Flygare SD, Bigham AW, Lee C, Shaffer T, Wong
M, Bhattacharjee A, Eichler EE, Bamshad M, Nickerson DA, et al. 2009. Targeted
capture and massively parallel sequencing of 12 human exomes. Nature 461:272–
276.
NovarinoG, Fenstermaker AG, ZakiMS,HofreeM, Silhavy JL, Heiberg AD, Abdellateef
M, Rosti B, Scott E,Mansour L,Masri A, Kayserili H, et al. 2014. Exome sequencing
links corticospinalmotor neurondisease to commonneurodegenerative disorders.
Science 343:506–511.
Oti M, Brunner HG. 2007. Themodular nature of genetic diseases. Clin Genet 71:1–11.
Petrovski S, Wang Q, Heinzen EL, Allen AS, Goldstein DB. 2013. Genic intolerance
to functional variation and the interpretation of personal genomes. PLoS Genet
9:e1003709.
Polvi A, Linnankivi T, Kivela T,Herva R, Keating JP,MakitieO, PareysonD,Vainionpaa
L, Lahtinen J, Hovatta I, Pihko H, Lehesjoki AE. 2012. Mutations in CTC1, en-
coding the CTS telomere maintenance complex component 1, cause cerebroreti-
nal microangiopathy with calcifications and cysts. Am J Hum Genet 90:540–
549.
R Development Core Team. 2013. R: A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing.
Rabbani B, Mahdieh N, Hosomichi K, Nakaoka H, Inoue I. 2012. Next-generation
sequencing: impact of exome sequencing in characterizing Mendelian disorders. J
Hum Genet 57:621–632.
Robinson PN, Krawitz P, Mundlos S. 2011. Strategies for exome and genome se-
quence data analysis in disease-gene discovery projects. Clin Genet 80:127–
132.
Robinson PN, Kohler S, Oellrich A, Wang K, Mungall CJ, Lewis SE, Washington N,
Bauer S, Seelow D, Krawitz P, Gilissen C, Haendel M, et al. 2014. Improved ex-
ome prioritization of disease genes through cross-species phenotype comparison.
Genome Res 24:340–348.
Sherry ST, Ward MH, Kholodov M, Baker J, Phan L, Smigielski EM, Sirotkin K. 2001.
dbSNP: the NCBI database of genetic variation. Nucleic Acids Res 29:308–311.
Shutter JR, Scully S, Fan W, Richards WG, Kitajewski J, Deblandre GA, Kintner CR,
Stark KL. 2000. Dll4, a novel Notch ligand expressed in arterial endothelium.
Genes Dev 14:1313–1318.
Sifrim A, Van Houdt JK, Tranchevent LC, Nowakowska B, Sakai R, Pavlopoulos GA,
Devriendt K, Vermeesch JR, Moreau Y, Aerts J. 2012. Annotate-it: a Swiss-knife
approach to annotation, analysis and interpretation of single nucleotide variation
in human disease. Genome Med 4:73.
SifrimA, Popovic D, Tranchevent LC, Ardeshirdavani A, Sakai R, Konings P, Vermeesch
JR, Aerts J, DeMoor B, Moreau Y. 2013. eXtasy: variant prioritization by genomic
data fusion. Nat Methods 10:1083–1084.
Simpson MA, Deshpande C, Dafou D, Vissers LE, Woollard WJ, Holder SE, Gillessen-
Kaesbach G, Derks R, White SM, Cohen-Snuijf R, Kant SG, Hoefsloot LH, et al.
2012.Denovomutations of the gene encoding thehistone acetyltransferaseKAT6B
cause Genitopatellar syndrome. Am J Hum Genet 90:290–294.
Southgate L, Sukalo M, Karountzos AS, Taylor EJ, Collinson CS, Ruddy D, Snape KM,
Dallapiccola B, Tolmie JL, Joss S, Brancati F, Digilio MC, et al. 2015. Haploin-
sufficiency of the NOTCH1 receptor as a cause of Adams-Oliver syndrome with
variable cardiac anomalies. Circ Cardiovasc Genet 8:572–581.
Stittrich AB, Lehman A, Bodian DL, Ashworth J, Zong Z, Li H, Lam P, Khromykh A,
Iyer RK, Vockley JG, Baveja R, Silva ES, et al. 2014. Mutations in NOTCH1 cause
Adams-Oliver syndrome. Am J Hum Genet 95:275–284.
Ulitsky I, Krishnamurthy A, Karp RM, Shamir R. 2010. DEGAS: de novo discovery of
dysregulated pathways in human diseases. Plos One 5:e13367.
Vandin F, Upfal E, Raphael BJ. 2011. Algorithms for detecting significantly mutated
pathways in cancer. J Comput Biol 18:507–522.
VidalM, CusickME, Barabasi AL. 2011. Interactome networks and human disease. Cell
144:986–998.
Wang K, Li M, Hakonarson H. 2010. ANNOVAR: functional annotation of ge-
netic variants from high-throughput sequencing data. Nucleic Acids Res 38:
e164.
Yu H, Tardivo L, Tam S,Weiner E, Gebreab F, Fan C, Svrzikapa N, Hirozane-Kishikawa
T, Rietman E, Yang X, Sahalie J, Salehi-Ashtiani K, et al. 2011. Next-generation
sequencing to generate interactome datasets. Nat Methods 8:478–480.
1144 HUMANMUTATION, Vol. 36, No. 12, 1135–1144, 2015
